In the human, intrauterine growth retardation (IUGR) can result in persistent postnatal growth failure, which may be attributable, in part, to abnormal GH secretion. Whether putative alterations in GH secretion are the result of abnormalities intrinsic to the pituitary or reflect changes in the production of GH-releasing hormone or somatostatin (SS) is unknown. We tested the hypothesis that growth failure associated with IUGR or early postnatal food restriction (FR) is caused by a central defect in hypothalamic SS gene expression. Both models displayed persistent growth failure postnatally without any catch-up growth. We measured levels of SS mRNA levels in rats experimentally subjected to IUGR or FR. SS mRNA levels were measured by semiquantitative in situ hybridization throughout development. Levels of SS mRNA in the periventricular nucleus were significantly higher in both male and female IUGR rats in the juvenile and adult stages compared with matched controls (p Յ 0.05). FR was associated with higher SS mRNA levels only in neonatal female rats (p Յ 0.05). These results suggest that intrauterine malnutrition induces a persistent increase in the expression of SS mRNA in the periventricular nucleus, whereas early postnatal FR results in only a transient increase in SS gene expression. Because IGF-I levels were normal in juvenile IUGR and FR rats, central dysregulation of SS neurons does not appear to be the cause of early postnatal growth failure in either model. However, these observations are consistent with the hypothesis that nutritional stress at critical times during development can have persistent and potentially irreversible effects on organ function. The fetus is dependent on the transfer of oxygen and nutrients across the placenta. The impairment of uteroplacental blood flow or placental function may interfere with the delivery of nutrients to the fetus. This can lead to IUGR and a disruption of normal fetal development, resulting in low birth weight (1-3). Furthermore, low birth weight increases the risk of adult-onset disorders such as non-insulin-dependent diabetes mellitus, hypertension, and cardiovascular diseases (4, 5) . These observations suggest that inadequate fetal nutrition can permanently alter the development of organ systems, resulting in their dysfunction in adult life (4) .
Many children experiencing IUGR show catch-up growth within the first 2 y of life, but a significant fraction (15 to 40%) fail to do so (6) . In animals with experimentally induced IUGR, the limited supply of substrates results in an irreversible slowing of the fetal growth rate in late gestation, which persists even after the substrate limitation is removed (7) . The lack of catch-up growth in animals with IUGR makes them an attractive model for studying the mechanisms responsible for growth retardation in low birth weight humans who never attain normal adult stature.
Postnatal growth is regulated primarily by GH acting through IGF-I. The secretion of GH by the pituitary is controlled by the reciprocal and coordinated discharge of SS and GHRH from hypothalamic neurons located in the PeN and arcuate nucleus, respectively (8) . The extent to which the central mechanisms governing the activity of the GH axis are involved in mediating postnatal growth failure as a conse-quence of either prenatal or early postnatal malnutrition is unknown; however, approximately half the children who are born small for gestational age and continue to undergo growth retardation appear to have abnormal GH secretory patterns (9) . We postulated that nutrient restriction during the perinatal period causes permanent alterations in the function of hypothalamic SS neurons, contributing to abnormal growth and development later in life. To test this hypothesis, we assessed the effects of perinatal nutrient restriction on cellular levels of SS mRNA in the PeN of rats at different stages of development (neonatal, juvenile, and adult). To compare the effects of prenatal versus postnatal malnutrition on long-lasting changes in postnatal development, we used two types of nutrient restriction-experimentally induced IUGR and postnatal FR. We report that, in contrast to postnatal FR, prenatal malnutrition induces a persistent elevated expression of SS mRNA levels in the PeN, indicating that nutritional stress during fetal development may have persistent and potentially irreversible effects on the GH axis.
MATERIALS AND METHODS
Animals and surgical procedures. Timed-pregnant Wistar rats were obtained from Harlan CPB (Rijswijk, The Netherlands) and housed under a constant light-dark cycle (lights on, 0600 h; lights off, 1800 h) in a temperature-controlled room (22 Ϯ 1°C).
For experimental induction of IUGR, the method of Wigglesworth (1) was used. Pregnant females (d 17) were anesthetized with a mixture of Aescoket, Aesculaap BU, Boxtel, The Netherlands (100 mg/mL) and Xylazine, Bayer Ag, Leverkusen, Germany (20 mg/mL) (diluted 4:1, 1 mL/kg body weight, intramuscularly). The mesometrium of one uterine horn was exposed through a midline incision in the abdominal wall, and the uterine artery was ligated near the cervical end of the arterial arcade. The uterine artery of the other horn was ligated in a similar manner, and the abdomen was closed. After surgery, females were allowed to give birth. Pups were considered growth retarded if their weights at postnatal d 2 were at least 2 SD less than that of control pups born from nonoperated mothers. The litter sizes of both IUGR and control animals were restricted to six pups per mother. Postnatal growth retardation was induced by FR during the neonatal period by increasing the litter size to 20 pups per mother (male/female ratio 1:1) from postnatal d 1 onward (10).
For each experimental group, the mother had free access to rat chow and tap water. The pups remained with their mother until sacrifice or until weaning at day 25. After weaning, the rats were housed in groups of two to three animals per cage with free access to food and tap water. All procedures were approved by the Institutional Animal Ethics Committee.
Experimental design. Levels of SS mRNA in the PeN were measured in IUGR, FR, and control rats at different developmental stages: 10 d (neonatal), 24 -28 d (juvenile), and 72-74 d (adulthood). Male and female rats were used, and each group consisted of six animals-except for the female 25-d-old IUGR group and the female 75-d-old control group, which contained four and five animals, respectively. Body weight was used to assess growth, as in the rat, weight gain is a good indicator of growth and correlates well with other linear growth measures (11) .
Tissue preparation. Rats were killed between 0900 h and 1100 h. The brains were rapidly removed and frozen in 2-methylbutane cooled with dry ice, and trunk blood was collected. Brains and serum were stored at Ϫ80°C until further processing. Coronal cryostat sections were cut at 20 m and thawmounted on 2% 3-aminopropylethoxysilane-coated slides. Consecutive brain sections were cut starting rostrally at the PeN (Ϫ0.26) and continuing caudally to the end of the arcuate nucleus (Ϫ3.60) (12) Four sets of slides were collected; every fourth slide was placed into a given set. Slides were stored at Ϫ80°C until in situ hybridization was performed. One set (5-8 sections per animal) was used for in situ hybridization.
IGF-I serum levels. IGF-I serum levels (ng/mL) were measured after acid-ethanol extraction of its binding proteins, using an RIA from Medgenix (Biosource Diagnostics, Fleurus, Belgium). The intra-assay coefficient of variability for the IGF-I assay was 7% (for values Ͻ 100 ng/mL) and 5% (for values Ͼ100 ng/mL). The interassay coefficient of variability was 10%.
Preparation of 35 S-labeled SS cRNA probes. Riboprobes complementary to the coding region of preproSS mRNA were generated by in vitro transcription of the 395-bp cDNA fragment of rat preproSS cloned into pSP65 vector (13) . Antisense cRNA probes were made by linearizing this plasmid by HindIII and transcribing with SP6 RNA polymerase in the presence of 35% [
35 S]UTP (DuPont, Belgium). Transcription was terminated by addition of RQ1 DNase. The cRNA probe was precipitated with 1/10 vol of 3 M sodium acetate, pH 5.2, and 2.5 vol of ethanol at Ϫ20°C. Labeled precipitated riboprobes were resuspended in 100 mM DTT.
In situ hybridization. Six in situ hybridization assays were performed. The tissues from female animals for each developmental stage were run in three separate assays, and the tissues from male animals for each developmental group were run in the other three. Sections were air-dried at room temperature and fixed for 20 min in freshly prepared 4% paraformaldehyde in 0.1 M PBS (pH 7.4), rinsed three times for 5 min in PBS, and rinsed briefly in water. After acetylation for 10 min with 0.25% acetic anhydride in 1% triethanolamine and two washing steps in PBS, sections were rinsed in 2ϫ standard saline citrate (SSC) for at least 5 min. The slides were prehybridized for 2 h at 37°C in hybridization buffer containing 50% formamide, 10% dextran sulfate, 1x Denhardt's solution, 0.2ϫ SSC, 500 g/mL denatured salmon sperm DNA, and 250 g/mL tRNA (Roche Molecular Biochemicals, Indianapolis, IN, U.S.A.). After prehybridization, the denatured SS cRNA probe, in hybridization buffer at a concentration of 2 ϫ 10 Control experiments. Control experiments were performed as previously reported to demonstrate the specificity of the binding of the preproSS cRNA probe, as well as to determine the optimal probe concentration (13) .
Autoradiography and image analysis. Hybridized slides were dipped in emulsion (Ilford K5, Ilford, Imaging KK Ltd, Mobberley, Cheshire, U.K.) that had been diluted 1:1 in 2% glycerol solution and heated to 45°C in a water bath. The slides were allowed to air-dry for 1 h, placed in light-tight boxes, exposed for 5 d at 4°C, developed, counterstained with nuclear fast red, and dehydrated through a series of alcohol followed by application of coverslips.
Age-and sex-matched slides were assigned a random threeletter code, alphabetized, and read in random order with an automated image-processing system by an operator unaware of the animal's experimental group. This system consisted of a To verify the specificity of the changes in the PeN, the number of grains in SS mRNA-expressing neurons in the cortex of adult rats was also analyzed. From each animal, a total of 100 cortical cells, divided over five to eight slides, were analyzed at the level of bregma Ϫ0.26 mm to Ϫ1.80 mm (14) . Cells were considered labeled when the number of silver grains overlying the cytoplasm were greater than 10 times the background levels. The number of grains per cell is referred to as the mRNA signal, which is a semiquantitative estimate of intracellular mRNA levels that allows the comparison of relative differences in mRNA expression levels among experimental groups.
Statistical analysis. The mean grains per cell of each individual animal was used to determine the overall mean and SEM of each experimental group. The effects of IUGR and FR on SS mRNA expression, IGF-I serum levels, and weight were assessed by a one-way ANOVA followed by Fisher's protected least significant difference test. Differences were considered statistically significant when p Յ 0.05.
RESULTS
Both IUGR and FR caused persistent growth failure throughout postnatal development in both groups, as indicated by lower body weights (Fig. 1) .
Levels of SS mRNA signal levels were significantly increased in juvenile IUGR females (p Ͻ 0.050) and males (p Ͻ 0.010) to 120 and 135% of control, respectively (Figs.  2, B and E, and 3, F and G) . This elevation in SS mRNA signal was sustained over development and into adulthood: adult female and male IUGR rats showed a 155% increase and 130% increase, respectively, compared with controls (p Ͻ 0.002; Fig. 2, C and F) . Levels of SS mRNA in neonatal IUGR and control animals were not significantly different in In female neonatal FR animals, the SS mRNA signal was 135% higher than in control animals of a similar age and sex (p Ͻ 0.020). In the male neonatal FR rat, SS mRNA signal levels were 135% higher compared with controls, although this apparent difference was not statistically significant (p ϭ 0.056; Fig. 2, A and D) . Levels of SS mRNA in FR animals of juvenile and adult ages were not significantly different from controls (Figs. 2, B-F, and 3, D and E) .
SS mRNA levels in the cortex of both sexes were not significantly affected by IUGR or FR at the adult stage (Table  1) . These results suggest that perinatal malnutrition affects only a subset of the SS gene-expressing neurons in the CNS, including those neurons that participate in the regulation of GH secretion.
Serum levels of IGF-I increased throughout development in both males and females, in the controls as well as in the two growth-retarded models (Table 2) . IGF-I levels were not significantly altered in the neonatal FR and IUGR rats, compared with their sex-and age-matched controls. The levels at the juvenile stage were significantly lower in the FR male (p Ͻ 0.025) and female (p Ͻ 0.05) rats and in the IUGR male rat (p Ͻ 0.05). The IGF-I levels in the adult FR and IUGR rats were not significantly different from controls (Table 2) .
DISCUSSION
Postnatal growth is governed by neuroendocrine mechanisms that regulate the coordinated discharge of SS and GHRH from neurons in the hypothalamus, which in turn regulates GH secretion and other downstream targets, including IGF-I secretion (3, 14) . In this study, perinatal restriction of nutrients resulted in growth failure, which persisted into adulthood, without signs of catch-up growth. This observation confirms previous reports in the rat (7, 15, 16) but contrasts with the human condition in which the majority of children born small for gestational age show catch-up growth within the first 2 y of life (6) . There was a striking similarity in the way that exper- rat (B, C), a male juvenile FR rat (D, E) , and a male juvenile IUGR rat (F, G). Magnification was ϫ10 in B, D, F and ϫ25  in C, E, G. 
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imentally induced IUGR and early postnatal FR affected postnatal growth. However, differences in the pattern of SS mRNA expression over development in IUGR and FR rats suggest that different pathways are responsible for the reduced rates of growth in these two models.
In this study, hypothalamic levels of SS mRNA were elevated in juveniles and adult animals that underwent experimental IUGR, whereas a different pattern of SS mRNA expression was observed in FR rats-both male and female FR animals exhibited only transiently increased levels of SS mRNA during the neonatal period (when FR was occurring), followed by normalization of SS expression (relative to controls) at later stages of development. The transient neonatal increase in SS mRNA expression in FR rats may be explained as a short-term response to the decreased food intake and its associated stress (17) . During FR, a decrease in circulating levels of leptin (and possibly insulin) leads to the activation of hypothalamic NPY neurons (18) . Because NPY is thought to induce SS secretion, an increase in NPY activity could mediate the increase in SS gene expression that we report here (19, 20) .
In IUGR rats, we observed an increase in SS mRNA levels that did not become apparent until the juvenile stage and persisted into adulthood-long after the abatement of nutrient restriction. These results are consistent with a proposal by Barker et al. (4) that fetal malnutrition causes persistent endocrine changes leading to abnormal structure, function, and disease in adult life. Indeed, epidemiologic evidence suggests that a low birth weight increases the risk of developing a number of adult-onset disorders, including non-insulindependent diabetes mellitus, hypertension, and cardiovascular diseases (4, 5) . Furthermore, animal studies have shown that malnutrition and reduced oxygen flow during pregnancy, which impairs growth during a critical developmental period, may permanently compromise the development and physiology of a variety of organ systems, even when the deleterious circumstances have been ameliorated after birth (3, 21) . Widdowson and McCance (10, 22) showed that rapid cell division is the hallmark of these critical periods of fetal and early postnatal growth. Consequently, the major adaptive strategy of the fetus or neonate to the lack of nutrients and oxygen is to reduce its rate of cell division (5) . This process occurs as a direct result of undernutrition, as well as indirectly via an altered bioavailability of growth factors and other growthrelated substances. Thus, malnutrition during pregnancy may have a long-lasting effect on the central mechanisms governing the GH axis, an effect that becomes evident in the juvenile period and persists into adulthood as an insidious reminder of the insult that occurred during a brief, albeit critical, window of developmental change in utero.
Because fetal growth is primarily regulated by insulin and IGF-I (14), it is likely that growth retardation in IUGR fetuses is mediated by the disruption of one or both of these factors. From SS mRNA measurements, it is tempting to speculate that during the postnatal phase, when growth is under the control of the GH axis, growth retardation in IUGR rats is caused by increased activity of the hypothalamic SS neurons that regulate GH secretion. However, despite the fact that IUGR rats exhibited postnatal growth failure, their serum levels of IGF-I increased throughout development and in adults were indistinguishable from control values. These observations suggest that GH secretion was normal in IUGR rats, not withstanding the alteration in SS neurons that was caused by prenatal malnutrition. This conclusion is also supported by our earlier observation that IUGR animals display normal GH levels (23) . Therefore, it appears that within the GH axis of IUGR rats, compensatory mechanisms counteract increased SS activity to maintain normal IGF-I secretion. One of the most likely candidates for effecting this compensation is the diametric partner of SS, GHRH. Whether increased GHRH activity (which would stimulate GH and consequently IGF-I secretion) accompanies IUGR remains to be determined.
If serum IGF-I levels (and by inference GH levels) are normal in adult rats that experienced perinatal FR, why do these animals display persistent growth retardation? One plausible explanation, at least for IUGR rats, is that because these animals are small at birth, they require higher than normal GH levels to stimulate catch-up growth, but they are prevented from attaining high GH secretion rates owing to increased SS activity. An alternative explanation that would apply to both models of perinatal growth restriction is that this treatment The results are expressed as the mean Ϯ SEM for each experimental group. * Significantly different compared with controls (p Ͻ 0.05).
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reduces the efficacy of IGF-I. For example, perinatal malnutrition could increase the production of IGF-I inhibiting factors (e.g. binding proteins) or decrease the expression of IGF-I receptors. Similar reasoning has been used to explain corticoidrelated growth failure (24) . Finally, it is possible that at least part of the growth retardation in these experimental models is the result of factors that are unrelated to the GH axis. For example, the thyroid axis also plays an important role in postnatal growth (25) . Because TSH secretion is inhibited by SS (26, 27) , it is possible that increased SS expression after IUGR causes a suppression of the thyroid axis that results in a reduced rate of growth. Clearly, additional studies will be required to ferret out the multifactorial etiology of sustained growth retardation that follows perinatal malnutrition. In summary, we have shown that rats that experience either experimentally induced IUGR or early postnatal FR show growth retardation that extends into adulthood. After intrauterine malnutrition, juvenile and adult rats have significantly increased levels of SS mRNA in the hypothalamic PeN. In contrast to intrauterine malnutrition, early postnatal FR also increases the expression of SS mRNA, but only during the period of FR. In both models of growth retardation, IGF-I levels were not affected by the treatment. These observations suggest that nutritional stress during a critical developmental window produces a persistent and potentially irreversible alteration in the activity of the hypothalamic-pituitary axis.
